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Wind-generated waves are dominant drivers of coastal dynamics
and vulnerability, which have considerable impacts on littoral eco-
systems and socioeconomic activities. It is therefore paramount to
improve coastal hazards predictions through the better under-
standing of connections between wave activity and climate vari-
ability. In the Pacific, the dominant climate mode is El Nino
Southern Oscillation (ENSO), which has known a renaissance of sci-
entific interest leading to great theoretical advances in the past
decade. Yet studies on ENSO’s coastal impacts still rely on the
oversimplified picture of the canonical dipole across the Pacific.
Here, we consider the full ENSO variety to delineate its essential
teleconnection pathways to tropical and extratropical storminess.
These robust seasonally modulated relationships allow us to
develop a mathematical model of coastal wave modulation essen-
tially driven by ENSO’s complex temporal and spatial behavior.
Accounting for this nonlinear climate control on Pan-Pacific wave
activity leads to a much better characterization of waves’ seasonal
to interannual variability (+25% in explained variance) and inten-
sity of extremes (+60% for strong ENSO events), therefore paving
the way for significantly more accurate forecasts than formerly
possible with the previous baseline understanding of ENSO’s influ-
ence on coastal hazards.
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As coastal breaking waves represent the ultimate dissipation
of the energy generated by local and remote storms
through large increases in surface wind over the ocean, their
activity is modulated by the large-scale ocean—atmosphere cou-
pled variability. This emphasizes the importance of better
understanding the connections between coastal dynamics and
modes of climate variability in order to improve their prediction
at subseasonal timescales and beyond (1, 2). In particular, the
Pacific basin is under the siege of El Nino Southern Oscillation
(ENSO), the strongest interannual climate fluctuation, which
has widespread effects on weather, climate, and societies (3).
Recently, the littoral community has started to identify the role
of ENSO as a major driver of coastal vulnerability across the
Pacific (4, 5). The alternating coastal conditions, with shifts in
wave activity and water-level anomalies between the northeast-
ern and northwestern Pacific, were noted to mimic the well-
known oscillations of ENSO phases. However, the Pacific wave
climate and coastal variability associated with ENSO remains
only understood at a basic reconnaissance level (6). As a matter
of fact, even the most recent studies on the connection between
wave climate and coastal extremes have only relied on a simpli-
fied view of ENSO (7, 8), omitting the existence of different
regimes with distinct teleconnections and dynamics, recently
coined “ENSO diversity and/or complexity” (9, 10).

“ENSO diversity” originates from the concept that Sea Sur-
face Temperature (SST) anomaly patterns exhibit wide varia-
tions. In particular, the repeated occurrence of SST patterns in
the central Pacific (CP) in the 2000s suggested that ENSO
events may be grouped into two flavors: the conventional El
Nino, with SST anomalies concentrated in the eastern Pacific
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(EP EI Nino), and the CP El Nino, with SST anomalies located
around the dateline (11, 12). The “complexity” or sometimes
“diversity and complexity” further refers to ENSO’s irregular
temporal behavior characterized by large variations in ampli-
tude and duration. In particular, recent progresses demon-
strated that ENSO’s seasonal phase locking (i.e., its tendency
to peak in boreal winter) (13) can produce a low-frequency
instability known as the “Annual cycle-ENSO combination
mode” and generate a deterministic variability at near-annual
timescales, which significantly broadens the ENSO continuum
(14). Such diversity and complexity translate to pronounced dif-
ferences in remote ENSO climate impacts on the climate sys-
tem through atmospheric and oceanic teleconnections (15, 16).
In particular, one of ENSO’s most significant influences is its
modulation of Tropical Cyclone (TC) activity, one of the most
severe natural hazards (17). Because the large-scale air-sea
environment mostly drives these storms, TC activity is substan-
tially modified by ENSO through atmospheric and oceanic
pathways (18). Similarly, ENSO also strongly affects extratropi-
cal storms and related coastal wave activity (19, 20).

A variety of oceanic and atmospheric wave reanalysis prod-
ucts and TC databases were examined to capture comprehen-
sively the regional and large-scale climate variability in the
Pacific associated with ENSO diversity and complexity and how
it affects coastal waves’ variability. More specifically and unlike
any previous studies, the focus is not solely directed toward the
direct influence on extratropical wave patterns of El Nino at its
winter peak but also on its delayed and early effects on summer
TC storminess considered as an integral wave regime
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potentially affecting coastlines far from the storms’ generation
(21). In particular, since ENSO’s influences on tropical and
extratropical storm activity are subject to a strong seasonal syn-
chronization, the combined ENSO-Annual cycle influence on
teleconnections patterns and coastal wave variability is consid-
ered. Insights from these unraveled seasonally modulated
ENSO teleconnections allow us to develop a simple mathemati-
cal model that points toward a strong predictability of the
Pacific coastal wave variability over a range of timescales much
broader than just the interannual band and therefore opens up
the door for predictions of coastal hazards significantly more
accurate than current state-of-the-art seasonal forecasts.

The ENSO-Modulated Extratropical Storminess and Coastal
Wave Variability in Winter

First, we evaluate the connections between coastal wave vari-
ability at select sites across the Pacific basin and storm activity
during the boreal winter. The extratropical storminess is diag-
nosed as the interannual anomalies of 14-d high-pass—filtered
daily eddy kinetic energy (EKE) at the 850-mb pressure level.
Fig. 1 A and B present the regression of EKE onto interannual
anomalies of daily wave energy in the central eastern (Hawaii)
and western (Philippines) Pacific, respectively, over the period
1979 to 2016. An increased wave energy in the Philippines is
associated with the strengthening of the polar jet stream concur-
rently with a reinforcement of easterlies in the central equato-
rial and northeastern tropical Pacific typically observed
during La Nina (Fig. 14). Conversely, an increased coastal wave
activity on the other side of the basin is related to an increased
(decreased) jet stream activity in the subtropical (polar) regions
along with an enhanced equatorial high-frequency wind activity
related to westerly wind bursts, a well-known kickstarting and
maintaining feature of El Nino events (Fig. 1B). This analysis
showcases the ENSO winter teleconnections to the northern
hemisphere jet stream activity. It highlights in particular the
atmospheric bridge linking changes in ENSO tropical back-
ground to changes in extratropical storminess.

To investigate the large-scale pathways behind this ENSO’s
winter teleconnection to the northern Pacific extratropical
storminess, Fig. 1 C and D present regression patterns between
interannual anomalies of wave energy in the west (Philippines)
and in the central-east tropical Pacific (Hawaii) and various
environmental variables. As expected, the winter wave activity
in the Philippines is significantly increased during ENSO cold
phases as evidenced by the SST regression pattern typical of La
Nina, marked by colder (warmer) SST in the central eastern
(western) equatorial Pacific (shading in Fig. 1C). This oceanic
signature promotes an enhanced winter monsoon anticyclonic
circulation strengthening the polar jet stream, characterized by
stronger northeasterly winds/swells (Fig. 1C, arrows) in the
western subtropical Pacific (22). Conversely, the winter wave
activity in Hawaii (and California; ST Appendix, Fig. S3C) is sig-
nificantly augmented during EP El Nino events as indicated by
warm SST anomalies in the eastern equatorial Pacific (shading
Fig. 1D) and related westerly wind anomalies in the central
equatorial Pacific (arrows Fig. 1D). This leads to a stronger
Aleutian low-pressure system and the equatorward displace-
ment of the polar jet (19). This strengthened storm track
produces large northwesterly swells battering Hawaii (and Cali-
fornia; cf. ST Appendix, Fig. S4 C and D) shores during El Nino
boreal winters and which are energetic enough to reach South
America’s coastlines (Peru; SI Appendix, Fig. S5 G and H).

The ENSO-Modulated TC Activity and Coastal Wave Variabil-
ity in Summer

We now establish the connections between coastal wave vari-
ability and the different Pacific TC basin activity controlling the
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strength of summer tropical storms. TC storminess is diagnosed
as the interannual anomalies of daily accumulated cyclone
energy (ACE), which represents an integrated measure of the
basin-scale tropical storm activity (23). Summer wave energy in
the Philippines is increased concurrently with a stronger
(weaker) tropical storm activity in the north (south) western
Pacific TC basin (Fig. 1C), a pattern reminiscent of the CP El
Nino imprint on TC variability (18). In Japan, coastal wave var-
iability is coherent with a TC activity decreased along the East
Asian seaboard and increased in the center of the western
Pacific basin, a signature typical of EP El Nino events (S
Appendix, Fig. SAE). Wave energy in Hawaii (Fig. 1D) is related
to a southwestward displacement of tropical storm activity evoc-
ative of the EP El Nino influence in the EP basin (18, 24). This
analysis demonstrates the strong control of ENSO on coastal
wave variability in boreal summer through its complex regional
imprint on the basin-scale TC activity.

To further examine the large-scale controls related to differ-
ent types of ENSO’s teleconnections to the northern Pacific TC
activity, Fig. 1 G and H present regression patterns between
interannual anomalies of summer wave energy across the
Pacific and various oceanic and atmospheric variables. This
analysis confirms that the Philippines wave activity in boreal
summer is activated by teleconnection patterns linked to CP El
Nino. The SST regression (Fig. 1G) features an equatorial
warming on the dateline flanked on each side by colder water,
typical of this ENSO flavor. This oceanic pattern initiates an
enhanced cyclonic circulation accompanied by a strong dipole
of vertical wind shear (VWS) in the northwestern tropical
Pacific (0 to 30° N, 120 to 150° E) that resembles the dipole of
convective anomalies triggered by the ENSO influence on the
Boreal Summer Intra Seasonal Oscillation (25) and leads to a
northward shift of favorable background atmospheric condi-
tions for TC genesis during the summer onset of CP El Nino
(18, 20). This in turn increases wave activity over Japan and the
Philippines.

The summer wave energy in the northeastern Pacific (Hawaii
and California) is increased during El Nino’s decay and transi-
tion toward La Nina. Fig. 1H highlights the off-equatorial heat
discharge responsible for this ENSO phase shift according to
the well-known “recharge paradigm” (26). Despite an atmo-
spheric environment (VWS) barely favorable for TC genesis,
this meridional redistribution of heat can favor the occurrence
of major TCs during seasons following the peak of El Nino
(24). These TCs, either westward traveling or northward
reclining, can generate swells affecting Hawaii or California,
respectively. The ENSO phase transition also promotes a rein-
forcement of the Inter Tropical Convergence Zone (~25°N)
and an increase in summer northeast trade wind swells. This
summer wave variability associated with ENSO teleconnections
to regimes of TC activity occurring at different stages of the
cycle and for different types of events is likely to complicate the
simplified “ENSO dipole picture” of alternating winter coastal
hazards across the Pacific (4, 5).

Seasonal Impacts of ENSO Diversity on Coastal Waves
Variability across the Pacific

We now quantify how much these different seasonal ENSO tel-
econnection pathways contribute to significant changes in
extreme wave occurrence in the Pacific. Fig. 2 presents, for
select locations across the basin and different ENSO flavors/
phases, the percentage of days within a season characterized by
a wave energy and period above one SD of their interannual
anomalies. Results using the 95th percentile of significant wave
height as a more drastic threshold to characterize extremes are
presented and discussed in SI Appendix. Winter wave activity
(January to March) in the north Pacific follows the EP ENSO
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Fig. 1. Coastal wave activity and ENSO teleconnection to seasonal storm regimes. The extratropical storminess in winter: regression of interannual anom-
alies of 14-d high-pass—filtered daily EKE at the 850 mb pressure level onto interannual anomalies of winter daily wave energy in the western (Philippines, A)
and central eastern (Hawaii, B) Pacific. (Upper) Magenta contours represent the average position of the 850 HPa jet stream (iso-contour of 3 x10” m? - s72).
Regressions of wave energy interannual anomalies onto environmental variables: SST (shading), wind direction and amplitude (arrows) in the boreal
winter in the central eastern (Hawaii, C) and western Pacific (Philippines, D). The tropical storm activity in summer: regression of interannual anoma-
lies of daily ACE onto interannual anomalies of summer daily wave energy in the western (Philippines, E) and central eastern (Hawaii, F) Pacific.
(Lower) Magenta contours represent the 0-line of mean ACE. Regressions of wave energy interannual anomalies onto environmental variables: SST
(shading), wind direction and amplitude (arrows), and VWS anomalies (blue/red contours) in the boreal summer in the central eastern (Hawaii, G)

and western Pacific (Philippines, H).

oscillating pattern manifested by increased/reduced wave
energy (by almost threefold) in the east during El Nino/La
Nina events and the opposite behavior in the west (cf. Fig. 2 A
and C versus Fig. 2 E and G). Although not as pronounced and
restricted to the tropics, there is a similar seesaw across the
Pacific in the occurrence of extreme winter waves between La
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Nina and CP EI Nino events. This flavor also promotes an
increase in wave energy in the northwestern Pacific (Fig. 2G).
Remarkably, wave extremes follow a similar, yet out of
phase, swinging pattern across the Pacific in summer. The onset
of El Nino (most notably the CP flavor) stimulates an increase
in large waves in the western Pacific, up to twofold as compared
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Fig. 2. ENSO flavors and seasonal extreme wave occurrence. Percentage of occurrence of extreme wave days (above one SD, “1 std,” of the interannual

period and wave energy anomalies) depending on ENSO phases and types in winter (January to March, Left) and summer (June to September, Right) at differ-
ent locations in the Eastern Pacific (EAST PAC) (California and Hawaii, Top) and in the western Pacific (WEST PAC) (Philippines and Japan, Lower). Hollow
(filled) bars are for summers preceding (following) the peak of the events, that is, the onset (decay) phase of El Nino. Note that the green bars indicate the
fraction of swell days originating only from TC in summer (with a different green y-axis on the Right). Error bars indicate the 5 to 95% quantile range.

to the summer development of La Nina (see Fig. 4 F and H, hol-
low color bars). This increase in wave activity is partly due to the
enhanced cyclonic activity in the western basin during boreal
summers preceding both types of El Nino events (cf. previous
section). Meanwhile, in the EP, we observe an increase in large
summer waves through La Nina’s development (only significant
compared to CP events). Interestingly, this oscillating pattern
reverses again during the summertime decay of CP El Nino. The
meridional heat discharge of EP events and subsequent transition
toward La Nina, which drive an increase in trade winds and TC
swells in the EP (yet not significant for cyclonic waves), extend
this seesaw pattern into the summer. The clear reduction of
extreme waves in the western Pacific after the peak of EP El
Nino is attributed to the decrease in TC activity during El Nino
decay (solid bars on Fig. 2 F and H) (27, 28).

To illustrate spatially the different seasonal oscillating coastal
wave variability around the Pacific basin associated with ENSO
diversity, Fig. 3 features composite maps of daily wave energy
anomalies throughout the cycle of the two ENSO flavors. In
particular, the top/middle panels present composites averaged
during the summer onset (Fig. 3 A4 and D), winter peak (Fig. 3
B and E), and summer decay (Fig. 3 C and F) of EP/CP El
Nino events, respectively. The rightmost panel is the composite
during La Nina’s boreal winter peak (Fig. 3G). The buildup of
EP events features a moderate seesaw in wave energy anoma-
lies across the basin, positive (negative) in the west (east). This
pattern sharply reverses and intensifies at the peak of El Nino,
lingers during the decay phase, before reversing abruptly again
at the peak of La Nina. In contrast, the onset of CP events is
already characterized by a strong dipole of positive (negative)
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wave energy anomalies in the western (eastern) Pacific that
progressively reverses at the peak of the event. This pattern
reverses again during the CP El Nino decay and intensifies until
the following La Nina.

A Mathematical Model of the Seasonal to Interannual
Modulation of Pan-Pacific Coastal Wave Variability

This study documents two major seasonal wave regimes in the
Pacific, namely the tropical and extratropical storminess, and
how they are activated by different ENSO teleconnection path-
ways. The strong difference in coastal wave variability-ENSO
relationship between summer and winter suggests that wave
energy should be well captured by indices of ENSO flavors and
their nonlinear seasonal modulation via the “annual-cycle/
ENSO combination mode” (14). Similarly, to Boucharel and
Jin’s consideration for tropical instability waves (29), we appre-
hend the occurrence of coastal wave events as an oscillating
weather phenomenon (i.e., a transient of the climate system)
characterized by an amplitude modulation that responds nonli-
nearly to slow climate forcing: that is, ENSO and the tropical
Pacific annual cycle. By extending their theory, we formulate
the following model of the Pan-Pacific wave energy Z:

z_ [— (yo ; 2’%) n m<r>}zm o

where vy is the wave energy damping rate or decorrelation time
(i.e., 10 d7'; cf. SI Appendix, Fig. S8 B and C), T the approxi-
mate average return periods of wave events (7 = 15 d), and
m(t) and o(t) the deterministic and stochastic climate forcing,
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ENSO flavors/phases and oscillating wave energy patterns across the Pacific
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Fig. 3. Oscillating coastal wave activity around the Pacific Rim in relation with ENSO flavors. Composite maps of daily wave energy (in square meters per sec-
ond [m?s], colored dots) anomalies averaged during the boreal summer onset (June to September, A and D), winter peak (January to March, B and E), and
summer decay (June to September, C and F) of EP/CP El Nino events. The rightmost panel is the composite during the boreal winter peak of La Nina events
(G). The classification and seasonality of the different ENSO flavors are detailed in the methodology section. Red (orange) boxes indicate regions marked by
strongly (moderately) increased coastal wave activity; blue (green) boxes delineate regions marked by strongly (moderately) decreased coastal activity.

respectively. o(t) is a white noise with an amplitude a 10th of
the forcing term m(t), which can be formulated as follows:

2n(t —
m(t) = |:yACOS %} + [7CCmode + yEEmode}-

The first term represents the annual cycle forcing with 74 and
¢ the annual cycle period (12 mo) and phase, respectively. ¢ is
chosen so that the annual cycle amplitude reaches a maximum
in January/February and a minimum in July/August ($=2) simi-
larly to the ENSO amplitude cycle in order to account for the
ENSO seasonal phase-locking effect on the Pacific storminess
and coastal wave variability. The second term represents the
interannual forcing related to ENSO diversity. We choose two
uncorrelated, independent ENSO indices E,,q. and Code,
accounting for the two ENSO flavors, respectively, the EP and
CP El Nino, as the first two rotated principal components of
the decomposition of SST interannual anomalies into Empirical
Orthogonal Functions (30).

Using this theoretical framework, we first evaluate the part
of stochastic versus deterministically forced variability of the
seasonal to interannual modulation of coastal wave activity. To
quantify the range of the stochastic variability related to the
randomness of storm generation, we generate a 50-member
ensemble, each member numerically integrated with a fourth-
order Runge-Kutta method. We present in Fig. 4 results from
two main sites across the Pacific (California and the Philip-
pines). The ensemble average of the interannual modulation of
wave energy activity (or amplitude, i.e., the 2-mo running mean
of wave energy) yields remarkable correlations with reanalysis
data (0.63 and 0.57 for California and the Philippines, respec-
tively; cf. Fig. 4 A and D). Most of the seasonal to interannual
variability of coastal wave activity in California and the Philip-
pines falls within the range of stochastic variability with some
notable exceptions. Interestingly, we noticed that these excep-
tions were more likely to happen in summer, which we inter-
pret as either an increase in TC genesis randomness and/or
wave variability related to other climate modes not accounted
for by this formalism, in particular from the Southern Annular
Mode (SAM), dominant in boreal summer and that can affect
the Pacific eastern seaboards on the form of remote long-
period swells originating from the Southern Ocean. Indeed, we
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observe a strong connection between California/Hawaii’s
summer wave activity and the Southern Hemisphere jets, char-
acterized by a strengthening of the subtropical jet along a dis-
appearance of the polar jet (cf. Fig. 1H and SI Appendix, Fig.
S4) indicative of the SAM locked in its negative phase during
the boreal summer (31).

We now quantify the respective contributions of different
forcing time scales to the deterministic variability and ampli-
tude of coastal wave activity. To do so, we rely on the simplicity
of this mathematical formalism, which allows deriving the ana-
Iytical solution of the wave energy amplitude modulation (23).
The stochastic variability of the analytical solution (toward
which converges the simulations’ ensemble mean) is smoothed
out so that this solution only accounts for the deterministically
forced variability. The second-order analytical solution of low-
frequency coastal wave amplitude | Z? | can be then written as
follows:

%0 7

2

|22 |=Ke {1 +'ﬂ+’"—(’)}.
The analytical solutions of interannual anomalies of coastal
wave amplitude yield correlation with the reanalysis similar to
the numerical solutions ensemble means (0.68 and 0.61 for Cal-
ifornia and the Philippines, respectively; cf. thick red lines in
Fig. 4 A and D). The reconnaissance level at which the coastal
wave activity associated with ENSO is understood is essentially
only contained in the direct linear forcing term EP El Nino
(4-8), which basically represents the canonical ENSO mode.
Our approach goes further and allows us to quantify the vari-
ance explained by the different forcing terms of the solution, 1)
the direct/linear ENSO forcing [y¢Chode + ¥eEmode] and 2) the
nonlinear interactions between the climate forcing contained in
m?(t). In particular, we quantify a 25% (respectively, 20%)
increase in explained coastal wave variability in California
(respectively, the Philippines) between the linear solution that
accounts only for the direct effect of the EP mode (yzEmode;
Fig. 4 A and D) and the total solution (accounting for the full
diversity and complexity of ENSO). In addition, we observe a
substantial improvement in the intensity of extremes: that is,
+70% (+50%) during strong El Nino (La Nina) events in Cali-
fornia (the Philippines). This increase can be explained in
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Fig. 4. Model of seasonal to interannual modulation of wave energy. Reanalysis (bars), ensemble average of the 50-member numerical solutions (thick
blue line, the thin, dashed blue lines represent plus and minus 1 SD of the ensemble), total model analytical solution (red lines), and analytical solution
restricted to the linear EP El Nino forcing (green line) of normalized 2-mo smoothed monthly anomalies of wave energy in the eastern (California, A) and
western (Philippines, D) Pacific. Spectrum of the 2-mo smoothed monthly anomalies of wave energy reanalysis (blue lines) in the eastern (California, B)
and western (Philippines, E) Pacific. The orange bars represent the gain (in percentage) in spectral power between the total analytical solution and the
solution restricted to the EP El Nino linear forcing compared to the reanalysis. The pie charts represent the respective contributions of the different linear
and nonlinear (combination modes) deterministic forcing terms to the total analytical solution in the eastern (California, C) and western (Philippines, F)

Pacific.

particular by a better representation of the interannual variability
including both the EP and CP ENSO modes (30 to 80 mo ™ })
and their nonlinear interactions with the annual cycle (the
combinations modes), manifested at the resonant frequen-
cies f = fAnnual cycle = fEnso, the dominant one being at 14 to
18 mo ! (cf. Fig. 4 B and E). Interestmgly, a strong part of
the coastal wave interannual variability is explained by the
EP (respectively, CP) El Nino mode and its combination
with the annual cycle in the eastern (respectively, western)
part of the basin (cf. Fig. 4 C and F).

Implications for Coastal Wave-Induced Hazard Forecasts in
the Pacific Basin

Our simple mathematical model provides insights into the non-
linear climate connection to the deterministic coastal wave vari-
ability in the Pacific by embedding a variety of dynamical
pathways from the diverse ENSO background states down to
the tropical and extratropical storminess into a simple theoreti-
cal framework (cf. Fig. 5). Therefore, we believe these findings

60f9 | PNAS

https://doi.org/10.1073/pnas.2115599118

can point toward the development of new forecast models of
wave and associated coastal hazards variability around the
densely populated Pacific Rim over a range of timescales much
wider than just the interannual El Nino signal (the benchmark
so far in coastal impacts predictions in the Pacific). Such simple
tools appear increasingly necessary to interpret the newest
generation of high-resolution wave climate projections and
reanalysis products that integrate all the intrinsic complexity
and nonlinearity of the planetary climate forcing in particular
related to the multifaceted ENSO mode.

Methods

Wave and Atmospheric Data. Surface winds and wave data (significant height
H,, peak period Ty, and direction) are extracted from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis version 5 (ERA-5) at a
3-h temporal resolution between 1979 and 2016 and a 0.5 x 0.5° horizontal
resolution (32). Wave energy is defined as Hssz_

In particular, to cover most of the Pacific basin’s wave conditions, we
extract and analyze the following seven locations:
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Fig. 5. Schematic diagram illustrating ENSO seasonal pathways to deterministic coastal wave activity in the Pacific basin. ENSO’s alteration of back-
ground climate conditions leads to seasonally distinct coastal wave variability through a spatiotemporal scale cascade originating from the nonlinear

interactions between ENSO frequencies and the annual cycle.

California (32.5° N; 242° E)

- Hawaii southeast (17.3° N; 207° E)
Hawaii northwest (17.5° N; 207° E)
Japan (34.5° N; 140° E)

Philippines (14.5° N; 123° E)
Eastern Australia (34.5° S; 154° E)
Peru (11.5° N; 282° E).

Note that in order to avoid local coastal effects, such as swell dissipation or
refraction, we chose to extract the wave data in the open ocean (~100 km off
the coast). Two locations are chosen for Hawaii to make sure to capture both
north and south/cyclonic swells that might stay otherwise in the Islands’ shadows.
We use the Hawaiian northwest or, respectively, southeast location to capture
the wintertime or, respectively, summertime ENSO teleconnections between
large-scale environmental variability and the local wave climate. This is motivated
by the dominance of winter swells originating mostly from the high latitude
(northwest of the islands) and summer trade wind, cyclonic swells from the
tropics as well as swells from the Southern Hemisphere (southeast of the islands).

Boucharel et al.
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To make sure that wind-wave coupled bias internal to the ERA products
do not reverberate on our analysis, we also compare ERA waves to atmo-
spheric reanalysis data from the National Center for Environmental
Prediction—National Center for Atmospheric Research (33). The VWS, one of
the most commonly used environmental variables to assess the environmental
control of TC genesis and intensity (34), is defined as the horizontal wind dif-
ference between 200- and 850-hPa pressure levels (35).

Oceanic Data. The SST is taken from the ECMWF Ocean Reanalysis System 4
(36). All variables are either daily, monthly, or yearly averaged, and interan-
nual anomalies are computed with respect to a monthly mean climatology.

TC Data. Tracks and intensities of TC are extracted over the same period of
1979 to 2016 from the best track archives provided by the National Oceano-
graphic and Atmospheric Administration's(NOAA’s) Tropical Prediction Center.
To evaluate TC activity, we use a spatial density index. The storm annual density
is the yearly number of TCs with maximum sustained winds larger than 32 kn in
a 5 x 5° sliding box covering the entire Pacific basin ata 1 x 1° resolution (23).
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Identification of Swells Originating from TC. TCs have been shown to modu-
late coastal vulnerability in regions that are not under their direct influence,
that is, regions that did not undergo landfalls, through the generation of
energetic cyclonic waves (21). To disentangle coastal waves that have a
cyclonic source from waves generated by local trade winds or high-latitudes
storms, we use a backtracking procedure (21). We briefly describe the method-
ology’s main steps.

- Step 1:

We first isolate days when coastal waves display the following

characteristics:

— Swel peak period T, > 11 s. This criterion allows discarding local low-
energy swells (i.e., wind waves) with little coastal impacts (37).

— Interannual anomaly (relative to a monthly climatology) of wave
energy (i.e., Hs:Tp) above one SD, calculated over the TC season only
(June to October in the Northern Hemisphere and January to March
for the Southern Hemisphere).

- Step 2:
Once we have estimated all significant waves events at a given location that
can potentially originate from a TC (i.e., passed step 1), we evaluate for each
of them if at least one TC occurred in the corresponding TC basin the same
day and up until 7 d before the wave episode at the chosen location.

- Step 3:

We use a backtracking procedure to assess if the position of one of these
storms could explain the wave event characteristics at the coastal location.
To do so, we define eight different regions of the possible location of the
storm that generates such swells the same day, the day before, and up until
7 d before the wave event occurs at the coast (based on maximum lags evi-
denced in Fig. 1). These cone-shaped regions are delineated using three
dimensions: the cone height, its angle, and its orientation relative to the
zonal line passing through the location. The height represents the maximum
distance potentially traveled by the swell in 1 d and is estimated using the
wave peak period T, of the waves at the coastal location and the deep-water
approximation [r~ (1.56T,)/2, c being the swell propagation speed, that is,
the group speed, and T, the swell peak period]. The orientation parameter is
simply the wave event direction at the coast. We use an angle (15°) that rep-
resents an uncertainty parameter supposed to account for the swell dissipa-
tion and the TC travel along the normal to the incoming swell direction.

Storm Activity (i.e., Storminess).

Extratropical storms. Winter storms are mostly conveyed by midlatitude jet
streams, that is, the zonally nonuniform narrow current of strong winds in the
midtroposphere between 850 and 250 hPa. Jet streams are strongly influ-
enced by atmospheric Rossby waves on 1- to 2-wk time scales (38). Therefore,
to characterize the jet-stream activity that affects oceanic surface waves, we
decide to use the EKE of 14-d high-pass—filtered winds at the 850 hPa pressure
level (lower troposphere).

1

— 2 2
EKE =5 [U2 + V2], 4]

with

{ U. = Uagsonpa|14 — days Highpass] 21

V., = Viagsonpa[14 — days Highpass] *
To assess the modulation of extratropical storm activity, we compute the 60-d
smoothed interannual EKE daily anomalies (with respect to a monthly mean
climatology).
Tropical storms. As an integrated measure of TC activity, we use the ACE
index. First, ACE is calculated for individual TC as the sum of the squares of the
1-min maximum sustained surface wind speeds >35 kt over all 6 h periods dur-
ing a storm’s lifetime (39). The ACE accounts for both TC frequency and inten-
sity. After calculating all storms’ ACE, an ACE-gridded product is computed
similarly to storm density ( see above).
To assess the modulation of tropical storm activity, we compute the 60-d
smoothed interannual ACE daily anomalies (with respect to a monthly mean
climatology).
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Both EKE and ACE have been spatially smoothed using a two-dimensional
3° x 3° Gaussian filter.

Classification of ENSO Events. ENSO events are chosen according to the Cli-
mate Prediction Center classification. Boreal (austral) winter composites are
for January to March (June to August) period. Boreal (austral) summer compo-
sites are for June to September (January to March) period.

EP El Nino years: 1983, 1987, 1988, 1992, 1998, and 2016.

CP El Nino years: 1991, 1996, 2003, 2005, and 2010.

La Nina years: 1984, 1985, 1989, 1990, 1996, 1997, 1999, 2000, 2002, 2008,
2009, 2011, 2012, and 2013.

Summer onset years are the events’ years minus 1. Summer decay years are
the same events’ years.

Statistical Test. A bootstrap method was conducted for the significance test
of Fig. 4. The 95% percentile confidence level is carried out by the outer 5 and
95% of the bootstrap sampling distribution generated by repeatedly taking
random samples from the observation dataset with 10,000 times replacement.
Other statistical tests are based on a classic Student’s t test.

Model of Coastal Wave Energy. The model is based on the stochastically
forced model of fast climate variability introduced by Hasselmann and Frank-
ignoul and Hasselmann (40, 41).

We have also tested this model with more conventional ENSO indices as
forcing terms characteristic of the EP and CP flavors, respectively, the classic
Nino3 and Nino4 indices, which are calculated as the spatial average of SST
anomalies in the 90 to 150° W, 5° N to 5° S or, respectively, 160° E to 150° W,
5° N to 5° S region.

Boucharel and Jin (29) showed that it is possible to derive the analytical
solution of the modulation of Z = HSZT,, as long as the transient’s period T is
much lower than climate forcing’s periods. SI Appendix, Fig. S8A shows the
Welch power spectra of this model’s climate forcing. Besides the obvious peak
at 12 mo (i.e., T,) indicative of the annual cycle, we observe different peaks for
the different ENSO mode forcing terms, in particular Tgysor ~ 55 Mo, Tensoz ~
26 Mo, Tensoz ~ 18 mo (for the E-index), and Tensos ~ 130 mo and Teysos ~ 40 mo
(for the C-index). S/ Appendix, Fig. S8 B and C illustrate the decorrelation time
scales of wave energy in California (~11 d) and Japan (~7 d), respectively. The for-
mer is mostly under the influence of high-latitude winter storms, while the latter
is majorly influenced by summer tropical storms. This unambiguously indicates
that T << T4 and T << Tgpso. This estimation of the wave energy decorrelation
time represents also the wave energy damping rate, that s, yo .

Since our model resembles Linear Inverse Models (42, 43), we can obtain
the remaining forcing terms’ coefficients (ya,yc, and yg) and therefore the full
analytical solution through a multilinear regression of the wave energy inter-
annual modulation onto the different ENSO indices and the annual cycle.

This model of wave activity, if used in a forecast mode, could offer lead
time equivalent to state-of-the-art ENSO forecasts (i.e., ~3 to 6 mo) (44) and
therefore valuable anticipation for littoral and islands’ communities particu-
larly vulnerable in this part of the world.

Spectral Analysis. We estimate the power spectral density |P(f)|, of the input
signal (i.e., either the observations or the analytical solutions of the wave
energy anomalies modulation), using a Welch's overlapped segment averag-
ing estimator (using three segments with 50% overlap).

Data Availability. Previously published data were used for this work (Coperni-
cus Climate Change Service [C3S] ERAS: Fifth generation of ECMWF atmo-
spheric reanalyses of the global climate). Copernicus Climate Change Service
Climate Data Store (CDS), date of access November 1, 2021. ERA5 data can be
freely downloaded via the Copernicus portal (https:/cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview).
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